Abstract A great number of biological experiments show that gamma oscillation occurs in many brain areas after the presentation of stimulus. The neural systems in these brain areas are highly heterogeneous. Specifically, the neurons and synapses in these neural systems are diversified; the external inputs and parameters of these neurons and synapses are heterogeneous. How the gamma oscillation generated in such highly heterogeneous networks remains a challenging problem. Aiming at this problem, a highly heterogeneous complex network model that takes account of many aspects of real neural circuits was constructed. The network model consists of excitatory neurons and fast spiking interneurons, has three types of synapses (GABA A , AMPA, and NMDA), and has highly heterogeneous external drive currents. We found a new regime for robust gamma oscillation, i.e. the oscillation in inhibitory neurons is rather accurate but the oscillation in excitatory neurons is weak, in such highly heterogeneous neural networks. We also found that the mechanism of the oscillation is a mixture of interneuron gamma (ING) and pyramidal-interneuron gamma (PING). We explained the mixture ING and PING mechanism in a consistent-way by a compound postsynaptic current, which has a slowly rising-excitatory stage and a sharp decreasing-inhibitory stage.
Introduction
Brain waves consist of a wide range of frequency components. The high frequency components of the brain waves, gamma oscillations, are believed to be relevant to the cognitive functions of neural systems (Buzsaki et al. 2012; Hájos and Paulsen 2009; Li et al. 2011; Nikolic et al. 2013; Womelsdorf et al. 2006) . They can be evoked by various kinds of stimuli (Engelhard et al. 2013; Lapray et al. 2009; Bosman et al. 2012; Perry et al. 2013; Schadow et al. 2007a, b) and have been reported in many experimental observations in many brain areas including visual cortex (Hadjipapas et al. 2007; Herrmann and Mecklinger 2000; Laczo et al. 2012; Muthukumaraswamy and Singh 2013; Schwarzkopf et al. 2012) , auditory cortex (Schadow et al. 2007a, b) , olfactory bulb (Du et al. 2012; RojasLibano and Kay 2008) , and hippocampal area (Ahmed and Mehta 2012) . In these brain areas, neural systems are extremely complex and heterogeneous. The underlying mechanism for the genesis of these highly robust oscillations remains a challenge for the neuroscience society.
Various mechanisms for the robust Gamma oscillations based on simplified neural network models have been proposed. These mechanisms reveal that inhibitory networks play the key role on the gamma oscillation (Bartos et al. 2007; Wang and Buzsáki 1996) . Resonance of the gamma frequency component of the population firing rate in recurrent neural circuits is believed to be one possible mechanism for the gamma oscillation (Wang 2010; Brunel and Hakim 1999; Brunel and Wang 2003) . As synapses can be treated as filters, the recurrent network can be regarded as a linear system if the responses of neurons approximate linear systems. According to the feedback theory of linear systems, the frequency component of the population firing rate, of which the phase shift happens to be 2p, will be amplified (resonant).
It was found that resonant frequency is located in the gamma band, as the phase shift of the gamma frequency due to the synaptic filtering and the neuronal responses is around 2p. Therefore, the population firing rate is close to sine function with a gamma band frequency. As in many situations, gamma oscillation resides in the population firing rate showing sharp periodic peaks, another mechanism for gamma oscillation in nonlinear regime has been proposed (Bathellier et al. 2008) . The mechanism in nonlinear regime believes that oscillation occurs because the firing of a volley of inhibitory neurons produces a surge of inhibitory synaptic currents, which stops the firing of other neurons. The firing of neurons resumes only after this inhibitory synaptic currents decay sufficiently. In addition, some studies believe that there are intrinsic mechanisms in inhibitory network that homogenize the firing rate of each neuron in the network, resulting in the robust synchronized firing of the heterogeneous neurons. Shunting inhibition is believed to confer advantages for the firing rate homogenization (Vida et al. 2006) . Inhibitory synapses have three components contributing to the homogenization of the firing rate of the neurons (Wang et al. 2011; Wang and Wong 2013) . These mechanisms help to understand the robust gamma oscillation in simplified network model. However, real neural circuits associated with gamma oscillations are extremely complex and highly heterogeneous. They usually consist of multiple types of excitatory and inhibitory neurons with different parameter values and multiple types of synapses with different time constants, forming roughly balanced complex excitatory/inhibitory networks (E/I networks).
The mechanisms of interneuron gamma (ING) and pyramidal-interneuron gamma (PING) are proposed to explain the gamma oscillation in E/I networks (Tiesinga and Sejnowski 2009 ). In the ING mechanism, the external drive currents are large enough to excite inhibitory neurons. ING mechanism is similar to the mechanism in nonlinear regime discussed in the previous paragraph. Specifically, synchronized firing of a fraction of inhibitory neurons gives a sufficiently strong compound inhibitory current to prevent the firing of other neurons. Only when the inhibitory currents decay sufficiently, does the firing of inhibitory neurons resume. Therefore, the oscillation frequency of ING is determined by the decay time constants of the inhibitory synapses, which controls the decay process of the inhibitory synaptic currents. The inhibitory neurons in turn synchronize the excitatory neurons. In the PING mechanism, synchronized firing of excitatory neurons leads that of inhibitory neurons (BÄ orgers and Kopell 2003) . It is the synchronous excitatory volley that elicits the synchronous volley of the inhibitory neurons. The resultant inhibition from inhibitory neurons in turn stops the firing of excitatory neurons. Thus, the period of the oscillation is determined by the time for the recovery of the excitatory cells from the inhibition.
ING (or PING) are usually investigated in networks with low or mild level of heterogeneity. However, many real circuits are highly heterogeneous. Furthermore, many gamma oscillations occur after the presentation of the external stimuli. This paper proposes a new regime with mixed ING and PING mechanism for robust gamma oscillation based on highly heterogeneous E/I networks, where the synchronized firing of inhibitory neurons is accurate but that of excitatory neurons is weak. Weak synchronization of excitatory neurons and accurate synchronization of inhibitory neurons produce a compound post-synaptic current (PSC), which is excitatory and rises in the first stage, then decreases sharply and become inhibitory in the second stage. This kind of compound PSC in turn contributes to forge highly robust synchronization of inhibitory neurons, and thus a self-consistent way to generate the robust synchronization is formed. This paper is organized as follows. Models for the neurons and synapses are described in Sect. 2. The highly robust gamma oscillation is reproduced in the E/I network model in Sect.
3. An explanation of the mixed ING and PING mechanism for the robustness of the oscillation is given in Sect. 4. Finally, a summary of the results is presented in Sect. 5.
Models of the neurons and synapses in excitatoryinhibitory networks
Real neural circuits, for example neural circuits in V1 cortex, consist of many types of neurons (Neymotin et al. 2011) . These neurons organized into two groups, excitatory neuron group and inhibitory neuron group. Excitatory neurons may have long axons to transmit stimulus signals to other neural circuits, whereas inhibitory neurons are usually fast spiking interneurons that connect locally with other neurons within the circuit. GABA A receptors are common in inhibitory synapses. In excitatory synapses, there are usually two types of receptors, with one having long decay time constant and the other having short decay time constant. Taking account of these physiological observations in neural circuits, we consider a neural network described as follows: , and E NMDA syn are the reversal potentials for GABA A , AMPA, and NMDA synapses, respectively; d i;j is the synaptic delay from neuron j to neuron i.
Highly robust gamma oscillation with co-exist of accurate and weak synchronization
The neural networks described in the previous section have two types of neurons and three types of synapses. Furthermore, the external drives (background input currents and the stimuli-associated input currents) are highly heterogeneous, which we will describe in this section. We will show that gamma oscillation can emerge in such highly heterogeneous neural networks.
According to many physiological observations, the background input current is usually heterogeneous and fluctuating (Bathellier et al. 2008) , meaning that the average input current over time is different neuron by neuron and that the input current changes with time. Therefore, we describe the background input current of excitatory neurons in Eq. (1) as:
where g i ðtÞ is the white noise, I The inhibitory interneurons have usually higher firing frequency than excitatory neurons. This may be ascribed to the small time constant or the low threshold of the interneurons. Therefore, we let s E m larger than s I m in this paper. The strength of the inhibitory synapses is assumed to be stronger than that of the excitatory synapses according to physiological evidences. We set g tory neuron synapses on another neuron (excitatory neuron or inhibitory neuron) by GABA A -synapse with a probability q. Each excitatory neuron synapses on another neuron by AMPA-synapse with a probability q=2 and by NMPA-synapse with a probability q=2. Thereby the total probability that an excitatory neuron has a synapse on another neuron is q. Conventionally, GABA A -synapse and AMPA-synapse have small time constants but NMDA-synapse has large time constant. If not stated otherwise, the parameter values in the network are set as follows (Dayan and Abbott 2001; Wang and Buzsáki 1996) . N E ¼ 800, N I ¼ 400, s , and E NMDA syn , the excitatory and inhibitory feedback of the network are approximately balanced with the parameter values given in this paper.
We first carry out simulations when no stimulus is presented. Figure 1 shows that both the inhibitory neurons and the excitatory neurons fire irregularly with low frequency. This ascribes to the fact that the membrane potentials of the neurons cross the threshold randomly due to the fluctuation of the background input current. No oscillation occurs when no stimulus is presented. We then simulate the network when stimulus is presented. Figures 2  and 4 show that the oscillation emerges in the network. The oscillation is strong in the population of inhibitory neurons but is weak (especially in Fig. 4 ) in the population of excitatory neurons. This is consistent with many previous results that gamma oscillation mainly results from inhibitory interneuron network. Hereinafter, we mainly discuss the oscillation in the population of inhibitory neurons. The frequency of the oscillation is about 41 Hz which is within the band of the gamma oscillation.
To quantify the accuracy of the oscillation in the population of inhibitory neurons, we use the zero-lag autocorrelation of the global activity (AC). AC is calculated for the population of inhibitory neurons as follows (Brunel and Hakim 1999) .
where Dt is the small time bin (0.4 ms in the paper), n is the total time bins (1,000 in the paper), a(i) is the global activity associated with the i-th bin (total number of firing neurons in the i-th bin), and a 0 is the average of the global activity over all time bins (a 0 ¼ 1 n P n i¼1 aðiÞ). AC of the population of inhibitory neurons in Fig. 2 is 8 .3. Figure 3 shows the accuracy of the oscillation (quantified by AC) depends on the level of the heterogeneity of the stimuli. We can see from Fig. 3a that the accuracy of the oscillation in the inhibitory neurons is insensitive to the heterogeneity of the external drives to the excitatory neurons. The accuracy of the oscillation in the inhibitory neurons is also insensitive to the heterogeneity of the external drives to the inhibitory neurons (see Fig. 3b ), although it is relatively more sensitive in this case compared with the case described by Fig. 3a . The oscillation preserves even the level heterogeneity is as high as 80 % (see Fig. 4 ). It is worthy of note that such a high level heterogeneity is as high as that in most of real situations in neural systems. To investigate the dependency of the oscillation on other parameters, we carried out simulations ). The results in Figs. 5 and 6 show that the gamma oscillation preserves for a wide range of parameter values. It is worthy of note that too weak synaptic strength may destroy the oscillation according to Fig. 5 . This is natural because the oscillation is mainly ascribed to the interaction of neurons via synaptic connection. Besides the parameters discussed aforementioned, our extensive simulations show that the gamma oscillation preserves with variation of other parameters. To show how the synaptic currents contribute to the robust synchronization, the time course of the synaptic current of a silent neuron is plotted in Fig. 7 . The time course of the synaptic current of a firing neuron is similar to that in Fig. 7 except that it has a jump at the time when the neuron fires. This is because the neuron resets to the rest potential once it fires, which causes a jump of synaptic current according to Eqs. (4)-(7). Although we cannot exhaust the whole parameter space to explore the robustness of the oscillation, we give a qualitative analysis that the synaptic currents like that in Fig. 7 can produce robust synchronization in highly heterogeneous excitatory-inhibitory networks.
Analysis of the robust stimuli evoked gamma oscillation
We have shown the stimuli evoked gamma oscillation in a highly heterogeneous network. We next discuss the mechanism of the genesis of this oscillation based on the ING and PING mechanism of the gamma oscillation. We will show in Sect. 4.1 that the mechanism for the gamma oscillation in the highly heterogeneous E/I network is a mixture of ING and PING (We have introduced the ING and PING mechanisms in the introduction section). Then we give a qualitative analysis of this mixed ING-PING mechanism in Sect. 4.2.
Mixed ING-PING mechanism
We can see from Figs. 2 and 4 that the oscillation in the inhibitory neurons is strong but that in the excitatory neurons is weak. These results imply that inhibitory neurons may be the sources of the generation of the gamma oscillation and the oscillation in the excitatory neurons are entrained by that in the inhibitory neurons. Therefore, it seems that mechanism of the gamma oscillation in this paper is ING mechanism.
However, we will next show that excitatory neurons play an important role in generating the gamma oscillation in the network, as well as inhibitory neurons discussed in the previous paragraph, meaning that the gamma oscillation is a mixture of the ING and PING mechanism. Firstly, without excitatory neurons, background currents to the inhibitory neurons are not large enough to drive these neurons to fire in the band of the gamma oscillation. Figure 8 shows such a case where inhibitory neurons fire irregularly with low frequency when no excitatory neurons fire. Secondly, even the background currents are large enough to drive the inhibitory neurons to fire in the band of gamma oscillation, a network with inhibitory neurons alone cannot generate gamma oscillation under the condition of the high level of the heterogeneity. Figure 9 shows that neurons fire approximately at about 45 Hz, but they are not synchronized. This is because neural networks with super-polarized inhibition synchronize only when the level of heterogeneity is medium or low (below 10 %). In the excitatory-inhibitory neural network in this paper, the network synchronizes even when the level of heterogeneity is as high as 80 % (see Fig. 4 ).
Qualitative analysis of the mixed ING-PING mechanism
According to the aforementioned analysis, the mechanism of the robust gamma oscillation in this paper is either ING or PING, rather, it is a mixture of ING and PING. The mechanism can be explained by Fig. 10 and acts in a selfconsistent way as follows. Firstly, the synchronized firing of the inhibitory neurons produces an accumulated postsynaptic current (PSC). The sharp decrease of the accumulated inhibitory PSC stops the firing of both inhibitory and excitatory neurons. Secondly, the weakly synchronized firing of the excitatory neurons produces an accumulated excitatory PSC, which is ahead of inhibitory PSC and rises slowly. The slowly rising of the excitatory PSC contributes to bring a volley of inhibitory neurons to fire within a short time period. Thirdly, weakly synchronized firing of excitatory neurons and accurately synchronized firing of inhibitory neurons contribute to produce a compound PSC exhibiting a rising-excitatory phase and sharp decreasinginhibitory phase. This kind of PSC results in weakly synchronized firing of excitatory neurons (which have large membrane time constant or high firing threshold) and Fig. 4 Strong gamma oscillation in inhibitory neurons and weak gamma oscillation in excitatory neurons after the presentation of stimulus under high level of heterogeneity. a Is = 0.8, a Es = 0.8 Fig. 5 The dependency of accuracy of the oscillation in the inhibitory neurons on the synaptic strength and synaptic reversal potential Fig. 6 The dependency of accuracy of the oscillation in the inhibitory neurons on the decay time constants Fig. 7 The time course of the synaptic current of a silent neuron accurately synchronized firing of inhibitory neurons (which have small membrane time constant or low firing threshold). We next explain these three points in more details in Sects. 4.2.1, 4.2.2, and 4.2.3, respectively.
Properties of accumulated-inhibitory PSC caused by synchronized firing of inhibitory neurons
It is assumed that the rise time constant is extremely small and that the decay time constant is small for inhibitory PSCs, i.e., the PSC induced by the firing of an individual inhibitory neuron take an envelope like that in Fig. 10 . If the firing of the inhibitory neurons occurs within a short time period and the variance of the synaptic delay is relatively small compared with the decay time constant (this is actually true for most real neural systems), these individual PSCs can be assumed to arrive almost concurrently at a post-synaptic neuron. The summation of these PSCs produces an accumulated PSC that decreases sharply, reached the negative peak, and then decay rapidly (see Fig. 10 ). During the short time period when the accumulated PSC drops to the negative peak, the firing of all inhibitory neurons ceases due to this strong inhibition despite of the heterogeneity of these neurons, resulting in the silent phase of the oscillation. The effect of the inhibition decays rapidly, and finally becomes weak enough to allow heterogeneous inhibitory neurons to resume firing, thereby begins the firing phase of the oscillation.
Properties of accumulated-excitatory PSC caused by weakly synchronized firing of excitatory neurons
We have discussed that the firing of all neurons is stopped sharply by the sharp decrease of the accumulated-inhibitory PSC. Synchronized firing of neurons not only needs sharp stopping of the firing of neurons, but also needs a volley of inhibitory neurons resume firing within a short time period once the accumulated-inhibitory PSC decays sufficiently. We next show that the firing of excitatory neurons generates an accumulated-excitatory PSC that contributes to bring a great number of inhibitory neurons to fire within a short time period. Thus, the excitatory and the inhibitory PSCs produce a compound PSC, which first brings a great number of neurons to fire almost concurrently, then sharply stops the further firing of other neurons, forging the phenomenon of synchronized firing of inhibitory neurons. We will discuss the compound PSC in Sect. 4.2.3. In this section, we provide an analysis of the properties of the accumulated-excitatory PSC and corresponding post-synaptic potential (PSP) by the following two steps.
Step (1): As the external drives to the excitatory neurons are larger than that to the inhibitory neurons, excitatory neurons resume to fire ahead of inhibitory neurons, once the inhibitory synaptic currents decay sufficiently. As decay time constant for the excitatory synapses are relatively large, the consecutive firing of these excitatory neurons produces an accumulated-excitatory PSC that rises gradually till the inhibitory neurons are driven to fire by it. The PSP resulting from the accumulated-excitatory PSC also rises till the firing of inhibitory neurons begins.
Step (2): More rapidly (see Fig. 11 ) does the PSP rise at the moment when firing events occur, more neurons will be brought to fire by the PSP within a fixed time slot. For a leaky integrate-and-fire neuron, the sub-threshold membrane potential is the linear summation of the component known as PSP caused by PSC and the components (denoted by V e in this paper) caused by other currents (external currents, leaky currents, etc.). Suppose V e ¼ V th at t 1 for a certain neuron in Fig. 11 and the neuron fires at t 1 . Then another neuron with V e ¼ V th À 10 mV will fire at t 2 for curve A, as PSP at t 2 for curve A is 10 mV. This means that all neurons with V e between V th À 10 mV and V th will fire within the time slot Dt for the PSP depicted by curve A. Similarly, all neurons with V e between V th À 5mV and V th will fire within the time slot Dt for the PSP depicted by curve B. Therefore, for curve A where PSP rises more rapidly, there are more neurons firing within the small time slot Dt.
Compound PSC and its contribution to the robust oscillation
As the decay time constant of the individual inhibitory PSC is smaller than that of excitatory PSC and the synchronized firing of excitatory neurons is weak, the absolute peak values of the accumulated-inhibitory PSC resulted from the firing of inhibitory neurons are larger than that of the accumulated-excitatory PSC (see Fig. 10 ), given that the inhibition and excitation are set to be approximately balanced in the E/I networks. Consequently, the summation of the two kinds of synaptic currents results in a compound PSC with an envelope like that in Fig. 10 . The compound PSC like that in Fig. 10 produces a PSP for inhibitory neurons with similar envelope as the PSC (see Fig. 10 ), which may bring a large number of inhibitory neurons fire within a short time slot during the ascent stage of the PSP (refer to the discussion in Sect. 4.2.2) but may stop the firing of the neurons rapidly during the descent stage of the PSP (refer to the discussion in Sect. 4.2.1). Namely, the PSP for inhibitory neurons like that in Fig. 10 contributes to produce a synchronized firing of inhibitory neurons. But the synchronized firing of excitatory neurons is weaker than that of the inhibitory neurons due to any one of the following three factors. (1) If the membrane time constant of the excitatory neurons is larger than that of inhibitory neurons, then the PSP for excitatory neurons will be relatively more flat, given that the compound PSC for both the two kinds of neurons are the same (see PSP for neurons with large time constant and PSP for neurons with small time constant in Fig. 10 ). Therefore, relatively less excitatory neurons will fire during the ascent stage of the PSP and the firing of excitatory neurons will vanish relatively more slowly during the decreasing stage of the PSP, resulting in a relatively weaker synchronization of excitatory neurons. (2) If the firing threshold for the inhibitory neurons is lower than that of excitatory neurons, then the excitatory neurons are relatively harder to be brought to fire at the ascent stage of the PSP, resulting in a relatively weaker synchronization. (3) It is intuitive that the firing of excitatory neurons may be scattered if the level of the heterogeneity of excitatory neurons is high. Fig. 11 The effect of the slope at the ascent stage of the PSP on the robust synchronization
Conclusion and discussion
We showed the stimuli evoked gamma oscillation in a highly heterogeneous complex neural network. In terms of biological evidences, the network is composed of excitatory neurons and inhibitory neurons, where inhibitory neurons are fast spiking neurons with small membrane time constants. Three kinds of synapses are introduced in the network, GABA A inhibitory synapses, AMPA excitatory synapses with relatively short decay time constant, and NMDA excitatory synapses with relatively large decay time constant. Each neuron has a synapse on another neuron with a fixed probability q. The drive currents consist of two parts, the background input drive and the drive current modeling the stimuli. Both the two parts are highly heterogeneous according to their biological nature. Without the input currents coming from stimuli, both the excitatory and inhibitory neurons fire irregularly with low frequency. When stimuli are presented, the new regime of the robust synchronization in E/I networks emerges, i.e. the synchronization of inhibitory neurons is rather accurate but that of excitatory neurons is weak in the case of high level of heterogeneity.
The mechanism underlying the gamma oscillation in this paper is a mixture of ING and PING. Specifically, though the oscillation is originated in the inhibitory neurons, the contributions to the oscillation in inhibitory neurons are ascribed to both excitatory neurons and inhibitory neurons. Either inhibitory neurons or excitatory neurons alone cannot synchronize the firing of inhibitory neurons in the case of high level of heterogeneity. The mechanism of the mixed ING and PING acts in a self-consistent way. After the inhibition decays sufficiently, excitatory neurons begin to fire. The consecutive firing of the excitatory neurons produces a slowly rising accumulated PSC. The rising accumulated-excitatory PSC contributes to bring a volley of inhibitory neurons to fire within a short time period. The spikes from these inhibitory neurons produce a sharp decrease accumulated-inhibitory PSC, which stops the firing of both inhibitory and excitatory neurons. Namely, weakly synchronized firing of excitatory neurons and accurately synchronized firing of inhibitory neurons contribute to produce a PSC (or PSP) exhibiting a rising excitatory phase and sharp decreasing inhibitory phase. In turn, this kind of PSC (or PSP) contributes to generate accurately synchronized firing of inhibitory neurons and weakly synchronized firing of excitatory neurons (the synchronization of excitatory neurons is weak because of its large membrane constant, high firing threshold, or high level of heterogeneity). Thus a self-consistent way is formed, which can explain the new regime of robust synchronization in E/I networks.
